Abstract Despite the declining trends in total energy consumption, greenhouse gas emissions, energy intensity, and emission intensity over the past two decades, Romania still emits more greenhouse gas per unit of output than many other members of the European Union. The country is looking for further greening of its energy supply system to achieve the clean energy and climate change mitigation goals included in the European Union's 2030 target and 2050 Roadmap. Using an energy supply optimization model, TIMES, this study develops energy supply mixes for Romania under a baseline scenario that satisfies the European Union's current energy and climate targets for 2020, a green scenario that satisfies the European Union's 2030 energy and climate targets, and a super green scenario that satisfies the European Union's prospective 2050 energy road map. The study finds that although Romania could achieve the green scenario at a moderate cost, it would be challenging and costly to achieve the super green scenario.
Europe as a whole for low-carbon energy system expansion and suggest replacement of aged, inefficient, and highly polluting thermal power plants with new nuclear power units for sustainable energy sector development in Romania. Other studies, such as Naăulea (2014) , Baloi (2010), and Carstea et al. (2010) , highlight the role of renewable energy (e.g., wind, solar) in promoting clean energy in Romania's energy supply mix. However, these studies present a fragmented picture of a particular energy source's role instead of the whole picture of energy supply mix based on economics, resource potential, and Romania's obligation under the EU climate change and energy directives. This study aims to fill this gap. Moreover, the study presents a long-term (next 35 years until 2050) view of sustainable and environmentally friendly development of the energy sector in Romania.
This study offers a scenario-based analysis that develops least cost energy supply systems for Romania for the 2015-2050 time horizon using an energy supply optimization model TIMES. We first developed a BBaseline^scenario which incorporates EU 2020 targets, and this is followed by a BGreen^scenario where Romania will meet EU obligations committed in their INDC (i.e., 40% reduction of GHG emissions in 2030 from its 1990 level).
3 Finally, we developed a Bsuper green^scenario where Romania will meet the EU's long-term road map of reducing GHG emissions in 2050 by 80% from 1990's level. 4 The study finds that Romania can meet the mitigation obligations likely under the EU 2030 framework in energy and electricity at moderate costs. However, meeting the prospective requirements of the EU 2050 Roadmap (i.e., super green scenario) is both expensive and challenging to implement.
Romania in the global context of climate change mitigation
Based on carbon dioxide (CO 2 ) emissions from fossil fuel combustion and cement production in 2013, Romania stands 45th among the 205 countries or economies around the globe (World Bank 2016) . However, its contribution to global CO 2 emission in that year was 0.2% as compared to 28.6% from China, 14.5% from the United States, 5.7% from India, 5% from the Russian Federation, 2.1% from Germany and 1.3% from the United Kingdom (World Bank 2016) .
Figure 1 compares Romania's CO 2 intensities with all North American, European, and Central Asian countries and several groups of countries in other regions. In terms of per capita CO 2 emissions in 2013, Romania falls behind not only most western European countries but also many eastern European countries and former Soviet Republics, such as Kazakhstan, Russian Federation, Estonia, Turkmenistan, Czech Republic, Poland, Slovenia, Serbia, Slovakia, Bulgaria, Lithuania, Hungary, Croatia, Former Yugoslav Republic (FYR) Macedonia, Azerbaijan, and Montenegro. Its per capita CO 2 emissions in 2013 were 29% below the world average and 47% below the EU average.
In terms of CO 2 intensity of the economy (CO 2 emission per unit of GDP measured in 2010 purchasing power parity), Romania's position is relatively good (see Fig. 1b ). Its CO 2 intensity of GDP in 2013 (0.18 kg of CO 2 emission per dollar of GDP measured in 2010 PPP) was slightly smaller than the EU average (0.19 kg CO 2 per dollar gross domestic product (GDP)) and almost 50% smaller than the world average (0.34 kg CO 2 per dollar GDP). Yet, the Romanian economy in 2013 was more carbon intensive compared to several European countries: Norway, Hungary, Tajikistan, Lithuania, Italy, Ireland, Albania, Portugal, Latvia, Austria, Spain, Denmark, Iceland, France, Sweden, and Switzerland (see Fig. 1b ).
Despite relatively lower CO 2 intensities in terms of population and economic output, Romania is actively pursuing efforts to further reduce its CO 2 emission intensities. This is mainly driven by the EU's medium-term (by 2030) and long-term (by 2050) goals for climate change mitigation. It has signed and ratified the Paris Agreement (PA) on climate change. One of the main elements of PA is that all countries which signed and ratified the PA will contribute to global efforts to mitigate climate change by implementing their INDCs. As a Member State of the EU, Romania is subject to the EU's INDC, according to which the EU and its Member States are committed to a binding target of at least 40% domestic reduction in GHG emissions by 2030 compared to 1990 (CEU 2015 .
Methodology, data, and scenarios
The study employs the TIMES model to develop an optimal supply mix under the various scenarios considered. The overall modeling framework is illustrated in Fig. 2 . As shown in the figure, a macroeconomic model (actually a CGE model) first provided projections on key macroeconomic variables, such as GDP, sectoral value added and outputs, household income, and commodity price indices for the 2015-2050 period.
5 These variables together with many other input data serve as the main drivers for end-use energy demand projections in various sectors of the economy (i.e., residential, non-residential, industrial, transportation) over the same time horizon (i.e., 2015-2050) .
6 Demand side energy efficiency measures were considered in the demand modeling, thereby developing two cases for energy supply projections. The first case assumed that energy efficiency measures will not materialize due to several implementation barriers. We call this the high energy demand case. In the second case, we assumed that energy efficiency measures will be gradually implemented over the planning horizon . We refer to this case as the low demand case. Each supply scenario (i.e., base, green, and super green) is run under both demand cases, thereby making six runs of the TIMES model.
The basic theory behind the TIMES model is replicated in the reference energy system presented in Fig. 3 . The model finds a mix of energy sources along with transformation/transmission/transportation paths among the thousands of such possible mixes in such a way that the selected energy mix confirms that it is the least cost option to meet the given demand with available supply sources. While meeting projected end-use energy demand, the model satisfies all resource, technological, policy, and other constraints specified. Thus, the model produces an optimal mix of energy supply sources (e.g., coal, oil, gas, LNG, hydro, solar, wind, biomass) to meet the enduse energy demand (e.g., space heating, space cooling, lighting, electric motors, motive power) in various sectors (i.e., residential, commercial/service, industrial, and transport). While determining the optimal energy supply mix, the model simultaneously determines the cheapest path to transform/transmit/transport these energy commodities to energy end-uses. The structure of TIMES is defined by variables and equations determined from the data input provided by the user. This information collectively defines each TIMES regional model database, and therefore the resulting mathematical representation of a Reference Energy System for the region. The database comprises both qualitative and quantitative data. The model requires a large set of input data. The major data items and their sources are summarized in Table 1 .
The study considered three scenarios for energy system optimization: a baseline, a green scenario, and a super green scenario. The scenarios, consistent with those used in macroeconomic analysis, were defined as shown in Table 2 .
Each of these three scenarios was implemented under two cases: Blow demand^case and Bnormal demand^case. The low demand case considers large-scale energy efficiency improvements in the demand side or energy end-use sectors (e.g., residential and commercial sectors). Major energy efficiency improvement measures include use of more efficient lighting and electric appliances, retrofitting buildings with wall, window, and roof insulation; heating system improvement in residential, commercial, and public buildings; and use of efficient electric motor and thermal energy equipment in the industry sector. The implementation of these measures leads to a 26% reduction of residential sector energy consumption by 2050 from that in the normal demand case. The energy efficiency measures in the non-residential building sector (e.g., more energy efficient space heating and space cooling) results in about a 30% reduction in service energy demand. However, the size of the service (or commercial) sector in total energy consumption is small. In the case of the industrial sector, the introduction of more energy-efficient technologies, especially electric motors and boilers, leads to about 16% reduction of industrial sector energy consumption from that in the normal demand case by 2050. The design of the low demand scenario reflects Romania's commitment to the EU's energy and climate strategies.
Results
In this section, we present discussions of results produced by the TIMES model. These results include primary energy supply, electricity and heat supply, total system costs, and investment requirement and CO 2 emission reductions. 
Primary energy supply
Primary energy supply projections in Romania under different scenarios are presented in Fig. 4a-f . Under the baseline scenario, Romania's total primary energy supply in 2050 is projected to increase by approximately 49% from 2015 levels, from about 38,184 to about 56,779 ktoe. Under the low demand baseline scenario, total primary energy supply in 2050 would be 14% smaller compared to that in the baseline scenario. Oil and natural gas are the most important sources of primary energy. While the share of oil in the baseline drops slightly from 29% in 2015 to 26% in 2050, the share of gas increases by 8 percentage points, from 22% in 2015 to 30% in 2050 because Romania needs cleaner fuels to meet the EU's GHG mitigation targets. For the same reason, the share of coal drops from 16% in 2015 to 8% in 2050 in the baseline.
As expected, the primary energy supply mixes in the green and super green scenarios are different from that in the baseline scenario because of substitution of fossil fuels with renewables and nuclear. For example, in the green scenario, the shares of renewables (hydro, wind, and solar) in 2050 increase to 23% from 21% in the baseline. The reverse would happen in the case of natural gas, where its share decreases from 30% in 2015 to 24% in 2050. The share of biomass increases dramatically under the super green scenario where Romania reduces energy sector emissions by more than 40% from the 2005 level. Please note that the super green scenario is an extreme scenario which assumes no GHG emissions from power generation and heat production activities. This is included here to test what the energy supply system will look like in case Romania adopts such an extreme measure. It is an extrapolation of the current state of the energy sector including already planned or implemented mitigation measures, in particular ongoing implementation of the current EU 2020 climate and energy package, which sets an EU-wide target to reduce GHG emissions by 21% in energy-intensive sectors, which participate in EU emissions trading, compared to 2005. However, it does not include broader reforms that the energy supply system needs to implement in line with the EU's long-term plan to reduce carbon emissions. Green
Electricity supply

Total installed capacity
It assumes the implementation of the proposed EU 2030 framework for climate and energy policies, which sets overall GHG mitigation at 40% compared to 1990 levels. For the power sector and other ETS participants, EU 2030 target corresponds to the reduction of GHG emissions of 43% for the EU as a whole compared to 2005. This scenario basically assumes full implementation of EU INDC. Super green This scenario is driven by the EU's prospective 2050 Roadmap which aims for the EU to reduce GHG emissions by at least 80% below 1990 levels by 2050, to a large extent by almost total decarbonisation of the power sector.
under the baseline. Under the low demand case, the installed capacity would remain almost the flat during the planning horizon as new capacity requirement would be offset by improvements in energy efficiency in the demand sectors. Total installed capacity under the green and super green scenarios would be higher than that in the baseline due to large share of renewable sources which have lower availability factors. The electricity supply system would be relatively cleaner in Romania because this sector is covered under the existing EU emission trading regime and it is expected to reduce its emissions by 20% from the 2005 level. This existing mandate would push the country to adopt cleaner sources for electricity generation even in the baseline. Therefore, the share of coal rapidly diminishes and drops to 4% in 2050 from 30% in 2015. Hydropower, the largest source of clean energy for the country, accounted for about 32% of the installed capacity in 2010, slightly lower (28%) in 2015 but rebounding back above 30% by 2050. Wind power, which accounted for 12% of the total installed capacity in 2013, is expected to grow significantly to 32% by 2050. Romania's only two nuclear power plants, Cernavado plants 1 and 2, currently account for about 6% of the country's total installed capacity. There will be no installation of new nuclear capacity under the baseline. 7 Under the low demand baseline case, solar PV installation drops to 1 GW from the 2 GW installed under the normal demand baseline scenario; similarly, installed capacity of hydropower drops to 8 GW from 9 GW installed under the normal demand baseline scenario.
Under the green and super green scenarios, the electricity generation capacity mix would be significantly different from that in the baseline (see Table 3 ). The share of wind and solar PV will increase tremendously by 2050: wind will constitute 30 to 32% and solar PV 8 to 10% of total electricity generation capacity by 2050. The share of natural gas in total electricity generation capacity in 2050 would drop to 14% in the green scenario from 19% in the baseline scenario. It would drop further to 9% under the super green scenario. The share of nuclear power in 2050 would increase to 13 and 15% under the green and super green scenario, respectively, from the 6% in 2015 under the baseline scenario.
Please note that at present, Romania has much higher installed capacity compared to its peak load (20 GW installed capacity vs 10 GW peak load). Adding more renewable sources for energy generation, particularly intermittent sources (wind and 7 Our analysis like any other long-term electricity generation plans, is based on least cost expansion satisfying resources and environmental constraints. While the results from this analysis could provide important insight for the development of a power sector strategy, it is not itself an electricity sector development strategy, which would consider several factors in addition to economic factors. While nuclear is not found economically attractive for the baseline in this analysis, the government could still consider nuclear from other consideration, such as security of supply. solar), would further increase the gap between total installed capacity because intermittent sources do not provide commitments to meet peak load. Thus, the higher installed capacity because of higher penetration of intermittent renewable sources to meet climate change mitigation targets could create a situation where fossil fuel-based generation sources (e.g., coal, gas) are built to meet the peak load but they will not be utilized unless there exist export markets for electricity generated from fossil fuel sources, which is unlikely in the EU due to climate change mitigation obligations.
New capacity addition
Figure 6 presents total new installed capacity added during the 2015-2050 period. Under the baseline, more than 8 GW of new wind capacity would be added by 2050. Note that Romania has 12 GW of economically exploitable wind capacity of which 3 GW has been already exploited. About 3 GW of new hydropower capacity would be added; this capacity is assumed to operate at very low capacity factors, around 34% thereby incorporating any adverse impacts on catchment areas and run-off due to potential climate change impacts. Another main source of electricity generation is solar PV, which currently accounts for less than 1 GW. About 2 GW of new solar PV capacities would be installed by 2050. Nuclear capacity of 3 GW would be added only in the green and super green scenarios, replacing natural gas capacity installed under the baseline scenario. It is very important to note here that it is not only the realization of clean electricity scenarios that is challenging, realization of the baseline scenario, which is developed in line with EU 2020 climate target, itself is challenging. This is because the existing renewable electricity capacity (especially wind and solar) resulted from a generous renewable energy support mechanism which has already created price pressure at the retail level which is deemed unaffordable. Adding further renewables would mean that electricity supply costs would further increase if the cost of renewable energy supports are also included. Moreover, Romania has one of the best lignite resources in the region, and it does not have an international market; throwing it out of the future electricity supply mix due to climate change policies would cause an economic loss to the country. Figure 7 presents the electricity generation mix from various sources under different scenarios. Under the baseline scenario, total electricity generation over the planning horizon almost doubles, from 58 TWh in 2015 to 100 TWh in 2050. Under the low demand baseline case, total electricity generation in 2050 would be 18% less compared to the baseline scenario. As expected, the electricity generation mix does not change much between the baseline and low demand baseline cases. However, there are significant changes of electricity mix in green and super green scenarios from that in the baseline scenario. Under the green and super green scenarios, the electricity generation from fossil fuel-based sources decreases rapidly. For example, there would be no electricity generation from coal-based sources by 2030 under the super green scenario. The generation from gas fired power plants still operating by 2050 would be equipped with CCS so that there would be no GHG emissions released from power generation by that year. Electricity generation from nuclear power generation facilities under the green and super green scenarios would be almost three times as high as that under the baseline scenario. Please note that the main difference between the baseline and super green scenario is the coal and nuclear-based power generation. Due to the EU mandate for 2030, Romania would replace coal-based generation with renewable energy resources even in the baseline. Under the green and super green scenarios, nuclear power would serve as the main base load plants. There is no change on hydro-, solar-, and wind-based generations between the base and green/super green scenarios. Nuclear, biomass, CCS gas, and hydro would be main sources for non-intermittent resources for power generation, and their combined capacity would exceed the projected peak load by 2050.
Electricity generation
Heat supply
Like electricity, heat is another main energy commodity in Romania. Demand for space heating is expected to grow faster along with increased heating areas, driven by increasing demand for larger living spaces. Unlike electricity which is mainly produced from power plants, heat is produced directly and through district heating facilities, normally combined heat and power (CHP) plants. Direct heating refers to, for example, use of natural gas or biomass for home heating. Heat produced from CHP plants is distributed to buildings through pipelines. Total demand for heat (final demand, not useful demand) increases by 20-23% in 2050 compared to that in 2015 if energy efficiency measures are not implemented. If energy efficiency measures are implemented, final heat demand drops by 10-14% in 2050 from the 2015 level. Natural gas remains the main source for heat energy in all years and in all scenarios. This is intuitive as there is no alternative source to replace it for heating even under the strict climate change mitigation scenarios (e.g., super green). Due to climate policies, heat coming from CHP plants, which fall under the ETS, is replaced with heat from direct sources.
Total energy supply costs and investment
Figure 8a presents the total system costs for energy supply during the 2015-2030 period. Total energy supply costs for different time intervals are presented in Table 4 (a). Under the baseline (with normal demand case), Romania would need €28 billion of investment (discounted at 5%) for energy supply system expansion on top of costs that incur to purchase energy commodities, such as natural gas and oil and products. 8 The total energy supply costs for the 2015-2050 period would be €336 billion or approximately €10 billion per year on average over the next 35 years. The total energy supply costs would increase slightly under the green scenario and by 12% under the super green scenario.
It is very important to understand that Romania would need substantial replacement of existing coal and lignite fired based power plants by gas and renewable energy-based power generation to meet the EU's 2020 emission reduction targets, which require power and other covered sector GHG emissions to be 20% below corresponding emissions in 2005. Due to this target, our study finds that no additional coal and lignite fired power plants would be built even in the baseline. The new capacity added in the baseline during the 2015-2050 period includes 4 GW of gas, 3 GW of hydro, 2 GW of solar, and 8 GW of wind.
The change between the green and baseline scenarios (both under normal demand case) is that the green scenario needs 3 GW of new nuclear plants (there was no new nuclear in the baseline) and substitution of 1 MW of gas capacity with solar. As the nuclear capacity is added only after 2045, its discounted value is low. Thus, the incremental investment (discounted) for energy supply system expansion under the green scenario is not substantially high compared to that under the baseline. Therefore, the smaller incremental investment need under the green scenario on top of the baseline scenario should not be surprising. However, the total energy supply cost under the super green scenario is 11% higher compared to that under the green scenario. This is because of early requirement of nuclear power under the former case. If a plant is installed earlier, its discounted costs would be higher (i.e., lower impacts of discounting) as compared to a situation where a plant is commissioned at a later date. Moreover, the super green scenario requires 1 GW of biomass-based power generation.
Energy efficiency improvement on the demand side (i.e., low demand case) would reduce the total cost of energy supply by 4% from €336 billion in the normal demand case base case to €326 billion in the low demand base case. To realize this, about €19 billion of investment would be needed to increase energy efficiency on the demand side.
The power supply system would need €28 billion in investment over the next 35 years to meet the country's electricity need under the baseline. The investments required for power system expansion over different intervals of time are presented in Table 4 (b). The investment would increase to €32 billion under the green scenario. If power sector emissions are to be completely eliminated by 2050, investment in the power sector would be twice as high as that in the baseline. This is because elimination of power sector emissions would require massive replacement of fossil fuel-based generation with more capital intensive renewable and nuclear energy-based generation. The lower demand due to energy efficiency improvements on the demand side would reduce the total costs of electricity supply, but it would require additional investment on the demand side. Note that the investment required for energy efficiency measures here would be €8.3 billion instead of €19 billion mentioned above because we accounted for energy efficiency improvements only on electricity using end-use services, whereas the €19 billion accounts for all energy efficiency measures such as those in space heating and cooking.
CO 2 emissions
The reductions of CO 2 emissions from the energy sector as whole and power sector specifically are presented in Fig. 9a The power sector will experience a large reduction of CO 2 in all scenarios. Since it is an ETS sector and mandated to reduce emissions even in the baseline, its emissions in the baseline scenario will drop by 20% in 2030 and 36% in 2050 from the 2005 level. If energy efficiency improvements in the demand side are also accounted for (i.e., low demand case), the drop (i.e., emission reduction compared to 2005 level) would be as high as 45% in 2050. Under the green scenario, power sector emissions in 2030 and 2050 would be 34 and 68% smaller as compared to the 2005 level. If energy efficiency improvements in the demand side are accounted for (i.e., low demand case), the corresponding drops would be 45 and 72%, respectively.
By design, the super green scenario almost eliminates CO 2 emissions from the power sector by 2050 (95% reduction under the super green and 97% reduction under the low demand super green scenarios from the 2005 level). In fact, more than 90% of emission reductions from the 2005 level would be achieved by 2030. 
Policy discussion
Romania can meet the mitigation obligations likely under the EU 2030 Climate and Energy Policy Framework at moderate costs. With an energy sector responsible for almost 60% of total GHG emissions, Romania clearly cannot achieve climate change mitigation targets beyond those of the current EU 2020 policy without significant action in the energy sector. The green scenario compels substantial emission reduction in the power sector which requires moderate incremental investment as compared with the baseline. The green scenario will achieve 45% emission reduction by 2030 (and 72% reduction by 2050) as compared with 2005. The investment cost of the green power sector scenario through 2050 is €37 billion (present value), 9 equal to an annual average 1.1% of GDP through 2050.
The prospective requirements of the EU 2050 Roadmap, which requires at least 80% reduction in emissions and the virtual elimination of emissions from the power sector, are both expensive and challenging to implement. The super green power sector scenario will provide 92% emission reduction between 2005 and 2030 and 97% reduction by 2050, achieving an almost complete elimination of emissions from power. This scenario also delivers abatement on a faster schedule than the green scenario. The investment cost of the super green scenario to 2050 is €54 billion (present value) or an average annual of 1.7% of GDP.
Implementation of the same set of aggressive energy efficiency measures is a key part of the green and the super green scenarios, as these measures deliver low cost abatement in the short term, require moderate upfront investment, and have modest implementation barriers. Improving energy efficiency across the board in all economic sectors, but especially in residential and nonresidential sectors, offers the most effective and also viable means for containing the growth of energy demand, limiting investment requirements to meet the growing demand, and reducing GHG emissions. Beyond the climate agenda, improving energy efficiency is also critical for Romania's competitiveness in the European Union. While the energy intensity of Romania's economy has been decreasing for the past two decades, it is still one of the highest in the EU, and greater efficiency will go hand in hand with modernized and more competitive companies and sectors.
A lower carbon path for Romania's energy sector imposes significant costs and complex planning challenges on the sector, in particular on power generation. Achieving emission reduction targets beyond the EU 2020 targets-the green (likely EU 2030 targets) and the super green (possible EU 2050 targets)-will require Romania to abandon plans for new coalbased power generation capacity and life-extension of existing plants. It will also require significant additional renewable generation capacity and, therefore, a regulatory environment that would promote it.
While this assessment included a set of generally agreed technologies at costs based on today's best analysis, both technologies and costs will surely evolve, and updated analysis will be needed. The TIMES/MARKAL supply model and the Energy Service Demand Analysis tool constructed for this analysis remain available for further development and application by the government for current and future policy questions related to the energy sector, in particular questions related to low carbon. The Ministry of Energy has already taken on these models to apply to critical questions in support of the country's new energy strategy. The usefulness of such tools and models will only increase into the future as Romania begins to take a more active role in contributing to EU climate and energy policy, as well as implementing it.
At the same time, it should be noted that the energy sector in Romania has the potential to become an engine of economic growth. Romania's endowment of energy resources is significant and diversified well beyond coal, including hydro and other renewable resources, natural gas, and even uranium to fuel its nuclear power industry. Romania has the potential to satisfy its own needs and export electricity and gas into the regional and European energy markets (even without the use of coal), to energize the economy and create jobs and prosperity.
While long-term sector development to 2030 and 2050-the subject of this assessment-is important, the government cannot be distracted from critical near-term sector reforms. Implementation of the energy reform program jointly supported by the European Commission, the International Monetary Fund, and the World Bank should continue. The measures recommended here under the green and the super green scenarios to allow Romania to meet various GHG mitigation obligations require long-term implementation. In the short term, it is critical that the sector continues with current reform efforts, many of which lay down essential conditions for the success of the long-term green transition. These reforms include completion of the ongoing liberalization of residential electricity and gas prices; adoption and implementation of the Minimum Social Insertion Program (a social safety net which inter alia will help secure access of low income households to basic energy services); restructuring of the Hunedoara and Oltenia energy complexes; and adoption and implementation of the Law on Corporate Governance for further improvements in the corporate governance of state-owned energy enterprises. Along with energy security, competitiveness and fiscal benefits, these measures are key for Romania's achievement of emission reduction targets.
Greening of the energy sector implies substantial costs, which rise significantly over time and as requirements for emission reduction tighten, but a lower carbon energy sector needs to be part of Romania's long-term planning. Careful modeling of the power sector provides a detailed assessment of low carbon possibilities. A need for 30% more installed power capacity between now and 2050, along with existing mitigation obligations, push even baseline investment costs to a very high level of €28 billion through 2050 10 or an average annual 0.8% of GDP. Lower carbon scenarios economize on supply costs by pushing energy efficiency to contain demand and achieve significant mitigation: in 2030, emissions are 31 percentage points and 94 percentage points below baseline in the green and the super green scenarios, respectively, while by 2050, emissions are 56% below the baseline in the green scenario and almost completely eliminated in the super green. This is achieved with additional costs during 2015-2050 in the green scenario (costs above baseline) of about nine billion euros and in the super green scenario of about €26 billion. Until 2020, investment needs in electricity supply and demand total about seven billion euros in the Baseline and just over nine billion euros in the green scenarios. These costs jump after 2030, as remaining fossil-based plants are replaced with renewable and nuclear capacity and aggressive energy efficiency actions continue. Financing for these investments, whether power generation or energy efficiency, will be the responsibility of the private sector, although the public sector may need to establish programs of support for energy efficiency, with some financing available from the European Union.
Conclusions
The energy sector would play a crucial role in meeting EU mandates on climate change and marching toward low-carbon economic growth in Romania. This study develops three scenarios to explore climate change mitigation and low-carbon growth opportunities in Romania. In the baseline scenario, which is consistent in line with EU 2020 climate mitigation targets, total national GHG emissions in year 2050 would be 2% below 2005 if energy efficiency measures are not included. If energy efficiency measures are included, emissions in 2050 would be 16% below from the 2005 level. If energy efficiency measures are not included, the baseline energy supply costs in Romania would be €336 billion (discounted to 2015 at 5% rate) over the next 35 years (2015-2050 period), €10 billion per year, on average. It would be slightly lower (€323 billion) when energy efficiency improvements in the demand side are included. The demand side energy efficiency improvement would cost €19 billion in total but saves €29 billion through avoidance of capacity expansion in the electricity sector and also reducing fuel costs in all energy supply sectors. Thus, improving energy efficiency across the board in all economic sectors but especially in the residential sector and district heating offers the most effective and also viable means for containing the growth of energy demand.
The baseline scenario requires an addition of 6 GW of wind, 1 GW each of hydro and solar, and 3 GW of natural gas-based electricity generation capacity by 2050 even if energy efficiency measures are included. This would pose a challenge to a power system which already has 5 GW of wind and 1 GW of solar already operating as of the present. This is because adding more renewable sources for energy generation, particularly the intermittent sources (wind and solar), would further increase the excess electricity generation capacity on top of its peak load since intermittent sources do not provide commitments to meet the peak load. Thus, the higher installed capacity because of higher penetration of intermittent renewable sources to meet climate change mitigation targets could create a situation where fossil fuel-based generation sources (e.g., coal, gas) are built to meet the peak load but they will not be utilized unless their exist export markets for electricity generated from fossil fuel sources, which is unlikely in EU due to climate change mitigation obligations.
A green scenario along with energy efficiency improvements in the demand sectors would lead to 26% reduction of energy-related CO 2 emissions from the 2005 level by 2030. The discounted total energy supply costs over the next 35 years would be €326 billion (or additional €3 billion on top of the €323 billion under the baseline scenario with energy efficiency measures implemented).
11 The green scenario with low energy demand (i.e., energy efficiency measures implemented) requires additional 2 GW of solar 2 GW of hydro, 1 GW biomass, and 1 GW of nuclear power during the 2015-11 It should not be interpreted that the additional €3 billion causes additional 10% emission reduction from the base case in 2050. The investment is for 35 years and it would cause certain reductions in emissions in all years during the 2015-2050 period. The comparison of cumulative investment with a single year's emission reduction would be misleading and therefore should be avoided. 2050 period. The total investment to expand energy supply under the green scenario would be 9% higher from that under the baseline with energy efficiency measures considered under both scenarios. In order to achieve the green scenario, Romania will require to abandon plans for new coal-based power generation capacity and lifeextension of existing plants; this would be challenging, as coal-based generation accounts for almost 40% of total electricity generation at present.
If Romania aims to eliminate GHG emissions from the power sector, a rather radical approach would be needed. It would require that the entire 16 GW capacity addition during the 2015-2050 period runs with non-fossil sources (biomass, hydro, wind, solar, and nuclear). Specifically, it would need 1 GW of new biomass-based electricity generation capacity, 3 GW new hydro power capacity, 3 GW new nuclear capacity, 6 GW new wind capacity, and 3 GW of new solar capacity. The total energy supply costs including the investment needed in the demand side to improve energy efficiency would be €356 billion over the next 35 years. For the power sector, this scenario needs 63% higher investment from the baseline when both scenarios include energy efficiency investments. This is an expensive scenario for Romania's energy sector.
This analysis recommends Romania to stay in the low demand green scenario (i.e., green scenario with implementation of energy efficiency measures in the demand side). Yet, the low demand green scenario requires 9 GW of intermittent resources (6 GW wind and 3 GW solar), and realization of this scenario would still be challenging. Note further that if energy efficiency in the demand side is not realized, the requirement of new intermittent capacity would be 11 GW, increasing the challenge further. Realizing energy efficiency measures is itself tough considering the hidden and transaction costs involved with them. Often, energy efficiency measures look very attractive in an economic analysis, but their deployment in the real world is slow due to several barriers.
